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Introduction
Abnormal root morphogenesis in human mandibular second or third molars occurs frequently. One of these abnormalities is known as gutter-shaped root (GSR), in which the root appears to be fused. It is well known that root canal treatment of teeth with fused roots is challenging and has a worse prognosis than that for a normal root (1) . Teeth with GSR are also likely to have a poor prognosis when affected by periodontal disease. The morphological features of GSR have been reported by many investigators (2, 3) .
It has been reported that C57L/J mice have fused roots similar to GSR on their lower second molars, and they are therefore one of the most useful animal models for studying the cause of GSR formation (4) . Previous research has suggested that an autosomal-dominant inheritance pattern affects the development of mouse GSR, and that several genes may be involved (5, 6 ). However, the major gene responsible has not yet been specified. Arita et al. recently reported a new method for measuring mouse GSR as a quantitative trait using micro-CT imaging (7) . Therefore, quantitative trait locus (QTL) analysis has become feasible for determining the candidate genes responsible for GSR formation. QTL analysis has been used successfully for identifying chromosomal regions that exert quantitative effects due to poly genes, determining traits such as body weight and susceptibility to alcoholism (8, 9) .
Recombinant inbred (RI) strains of mice are useful for the study of complex traits such as body weight (10, 11) . RI mouse strains are derived from systematic inbreeding of randomly selected pairs of the F2 generation of a cross between two different inbred strains. The AKXL RI strain is an existing strain derived from the mouse AKR/J and C57L/J progenitor strains, both of which have been well characterized, and show differences in a variety of phenotypes, such as cholesterol gallstone formation (12, 13) . AKR/J mice do not have abnormal tooth roots. Therefore, it is thought that different strains of AKXL RI mice may have a variety of root shapes in the lower second molar. In this study, we focused on identifying the chromosomal regions involved in mouse GSR formation. Here we report genetic analysis of GSR formation in AKXL RI strains using QTL analysis. mice (2 males and 2 females for each of C57L/J ×AKR/J, C57L/J×BALB/cAnNCrlCrlj, C57L/J×C57BL/6J, C57L/J×C3H/HeJ, and C57L/J×DBA/2J) were used. Parental strains were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and Japan Charles River Company (Yokohama, Japan). All mice were raised under conventional conditions: 25 ± 2°C, 55 ± 5% humidity, and 12L/12D light. The mice were fed a pellet diet (MR Breeder, Nihon Nohsan Company, Yokohama, Japan) and tap water ad libitum. All experimental protocols concerning animal handling were reviewed and approved by the Institutional Animal Care Committee of Tsurumi University School of Dental Medicine.
Measurement of mouse GSR
At the age of 35 days, the mice were anesthetized with ether and euthanatized. The heads were soaked in 1% KOH at 42°C for 48 h, the mandibles were removed and washed with water, and the soft tissue was removed. The mandible bones were then washed with water and dried. The lower second molars (M2) were then extracted. The dental root fusion rate (DRFR) was calculated ( Fig. 1 ) according to Arita's method (7) . The DRFR data were expressed as scores for individual F1 groups or as mean ± SD, as appropriate.
Experiment 2

Mice
A total of 66 mice obtained from parental strains (3 males and 3 females for each of C57L/J and AKR/J) and AKXL RI strains (3 males and 3 females for each of the 9 RI strains) were used. Parental-strain mice were obtained from the Jackson Laboratory, and RI mice from the RIKEN BioResource Center (Tsukuba, Japan).
Measurement of mouse GSR
The mice were raised under the same conditions, and the DRFR was calculated in the same way, as in Experiment 1.
QTL analysis
The strain distribution pattern (SDP) of polymorphic markers was used in the QTL analysis (Mouse Genome Informatics http://www.informatics.jax.org/). We used a total of 201 markers on autosomal chromosomes for interval mapping (Table 1 ). Genomic interval mapping was performed using Map Manager QTX b20 software to identify the chromosomal location of quantitative trait loci (14) . The criteria for statistical significance in the mapping were determined by a permutation test, and then we obtained logarithm of odds (LOD) scores (15) . Three statistical significance thresholds were estimated with a permutation test (1,000 iterations) for the empirical probability of the relationship between the putative locus of the gene and the value of the trait: P < 0.67 for a suggestive correlation only, P < 0.05 for a statistically significant correlation, and P < 0.001 for a highly significant correlation (16) .
Results
Experiment 1
DRFRs were calculated on the M2 in F1 mice and paternal strains (Fig. 2) . In F1 mice, the highest DRFR was seen in C57L/J×AKR/J (91.5%), followed in decreasing order by C57L/J×C57BL/6J (50.0%), C57L/J×C3H/HeJ (35.4%), C57L/J×DBA/2J (26.1%) and C57L/J×BALB/ cAnNCrlCrlj, (18.0%). DRFRs of paternal strains were as follows: C57L/J (100%), AKR/J (24.0%), C57BL/6J (25.6%), C3H/HeJ (27.2%), DBA/2J (20.9%), and Fig. 1 Measurement of root length (RL) and dental root fusion length (DRFL), and calculation of dental root fusion rate (DRFR). Following the methods of Arita et al. (7), the tooth was scanned by micro-CT, and the scanning data were reconstructed and drawn on a PC display to allow calculation.
Experiment 2
Phenotype analysis
DRFRs on the M2 in RI mice ranged from 0 to 100% (Fig. 3) . The highest DRFR was seen in C57L/J (100%) and AKXL6 (100%), followed in decreasing order by AKXL16 (90.0%), AKXL37 (86.0%), AKXL17 (62.2%), AKXL38 (53.6%), AKXL21 (38.9%), AKXL14 (29.3%), AKXL13 (27.0%), AKR/J (24.1%) and AKXL9 (20.1%). DRFR was expressed as a continuous trait distribution pattern in RI mice.
QTL analysis
The results of QTL analysis for GSR are shown in Fig.   4 . One suggestive QTL was detected. Around the marker D5Bir2, a region 13.0 cM from the centromere on chromosome 5, the LOD score was higher than the suggestive level. Significant or suggestive QTLs were not obtained for any other chromosomes.
Discussion
Experiment 1
It is known that GSR is characterized by several genetic factors on autosomal chromosomes (5, 6) . In this study, the DRFRs of F1 mice were calculated for a variety of phenotypes, and our findings were consistent with previous studies. F1 mice derived from breeding of C57L/J and AKR/J strains had the highest average DRFR (91.5%) in this study. High penetrance was observed in the F1 (C57L/J×AKR/J) mice. Hence, it is suggested that the AKR/J mouse strain is the most useful for QTL analysis when hereditary inbreeding is conducted using F2, N2 or RI strains. Therefore, we selected AKXL strains for QTL analysis in this study.
Experiment 2
According to the distribution pattern of the DRFR for each RI mouse, the phenotype showed continuous and quantitative genetic traits (Fig. 3) . Our findings are consistent with previous studies suggesting that GSR is characterized by several genetic factors on the autosomal chromosomes.
Based on this result, we proceeded with QTL analysis, and detected one QTL that exceeded the suggestive thresholds for the trait around D5Bir2 on chromosome 5 (Fig. 4) . In a previous study, Shimizu reported that one of the candidate gene loci causing GSR formation in mice exists around D5Mit161 (70.0 cM) and D5Mit29, D5Mit321, D5Mit427 (the positions of these three markers lie within 72.0 cM) on chromosome 5 (5). Although the marker positions differed, the same chromosome was specified by two different experiments. These results provide strong support for the presence of a QTL on chromosome 5. In the same study, Shimizu reported that high score linkage was detected on chromosomes 8 and 17 (5) . In our experiment, however, significant or suggestive QTLs were not obtained for any other chromosomes except chromosome 5. Relatively few AKXL strains were used in this experiment, because it was difficult to obtain more. Therefore, we consider that our results do not rule out the presence of a candidate on chromosomes 8 and 17.
The mouse genome database and map viewer (Mouse Genome Informatics; http://www.informatics.jax.org/) were searched for candidate genes corresponding to this region. Three candidate genes were found on chromosome 5; frizzled homolog 1 (Fzd1), solute carrier family 4 member 2 (SLC4a2), and sonic hedgehog (SHH). Fzd1 is an antagonist of canonical Wnt/beta-catenin signaling (17) , and this signaling pathway plays an important role during tooth development (18, 19) . SLC4a2 is required for osteoclast differentiation and function (20) . It is known that SHH and the SHH signaling pathway play an important role during tooth development (21, 22) . In particular, SHH signaling is required for tooth root morphogenesis (23, 24) , and it is reasonable to assume that minor differences in this gene could produce different forms of the root.
In order to specify the candidate gene, a fine-mapping study with an F2 intercross or an N2 backcross will be required. The results of the present study and subsequent fine-mapping will help clarify the underlying mechanisms of dental root morphogenesis in humans, because mouse and human genes are highly syntenic, and the trait around D5Bir2 on chromosome 5 in mice is evolutionarily conserved on human chromosome 7. horizontal axis: individual F1 and each paternal strains. DRFRs were expressed as a percentage from 0% to100%. The DRFR data were expressed as scores for individual groups or as mean ± SD, as appropriate. 
